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We have observed highly polarized and directional surface
plasmon-coupled emission of a signaling aptamer due to the
binding of a target thrombin with the aptamer, which induces
conformational switching.
Fluorescence detection is a useful tool for medical diagnostic
and biological analysis. Because fluorophores near a metallic
surface or particles have unique characteristics, including
increases in fluorescence intensity, quantum yield and
photostability, some research has recently focused on the
near-field interaction between fluorophores and metals,1,2
especially the phenomenon of surface plasmon-coupled
directional emission (SPCDE).3–5 In SPCDE, the excited
fluorophores couple with the surface plasmons near the metal,
resulting in directional radiation into the glass substrate, with
the coupling efficiency depending on the distance between
fluorophore and metal. Usually, the fluorescence quenching
induced by energy transfer near the metal is an undesirable
phenomenon for fluorescence detection. In our work, we make
use of the combination of the enhancement of SPCDE and the
quenching by the gold surface to signal aptamer–protein
binding. Our method is based on the fact that the conforma-
tional switching of the surface-immobilized aptamer upon
binding to a target results in a change of the distance
between the fluorophore and the metal. Thus, the enhanced
fluorescence emission is observed due to the interaction
between the fluorophore and the metallic surface changing
from a quenching effect to an enhancement effect.
Aptamers are a new class of synthetic DNA/RNA
oligonucleotides generated from in vitro selection that
bind to proteins or other small molecules. Aptamers are able
to recognize their targets with a high specificity and affinity,
and undergo binding-induced conformational changes.6,7
In our study, an anti-thrombin 15-mer aptamer was
selected as a model.8 Oligonucleotides containing two
parts, a duplex region (structural support) and an
aptamer region (recognition site), were provided by Takara
biotechnology (Dalian) Co., Ltd., and their sequence was
50CCAACGGTTGGTGTGGTTGG30, labeled at the 50 end
with biotin and at the 30 end with Texas Red.9 A 50 nm thick
Au continuous film was sputtering deposited on glass
substrates. The gold was exposed to a solution mixture of
5 mM11-mercaptoundecanoic acid and 5mMmercaptopropanol
for 20 min, followed by ultrapure water rinsing. A 100 mL
solution mixture containing 100 g L1 1-ethyl-(3-dimethyl-
aminopropyl) carbodiimide (EDC) and 100 g L1
N-hydroxysuccinimide (NHS) was then placed on the surface
for 20 min. The surface was then rinsed with ultrapure water
and immersed in an aqueous 0.1 g L1 avidin solution for
60 min, then rinsed again. 100 mL 0.5 mM biotinylated
anti-thrombin aptamer was then placed for 20 min, followed
by ultrapure water rinsing. 100 mL 1 mM thrombin solution
was added to the aptamer-coated surface for 10 min, washed
with ultrapure water and dried in the air.
Using a home-made multifunctional spectrofluorimeter, we
examined the SPCDE of the signaling aptamer in the presence
and absence of thrombin in reverse Kretschmann (RK)
configuration (see the inset of Fig. 1). The sample was attached
with index-matching fluid to a semi-cylindrical prism and then
positioned on a precise rotary stage. The incident light was
normal to the sample interface. The fluorescence emission was
collected, and the spectra were measured using a mono-
chromator equipped with a photomultiplier tube.
As we know, there are complicated effects between the
fluorophore and the metallic surface.2,3 The fluorescence in
the continuous metallic surface was expected as a result of
competition between fluorescence enhancement and
quenching, both showing interesting distance-dependent
characteristics.10,11 Fluorophores within the Forster radius
(5.0 nm) are known to be strongly quenched by the metallic
surface but enhanced when beyond the quenching region.3 In
Fig. 1 The working principle of SPCDE based on a conformational
switching signaling aptamer (not drawn to scale). Without the target,
the fluorophore (F) is in the quenching zone. When the target
thrombin is added, the fluorophore is displaced into the enhancement
zone. Inset: the geometry for SPCDE measurement with the RK
configuration.
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the vicinity of the metallic surface, the greater the separation
of the fluorophore from the metal film is, the smaller the
quenching efficiency, the stronger the coupling enhancement
effect, and subsequently, the higher the fluorescence intensity
is. The working principle is illustrated in Fig. 1. In the absence
of the target thrombin, the immobilized aptamer forms the
stem, and thereby the fluorophore Texas Red (F) is brought in
close proximity to the metal, within 5.0 nm, resulting in the
quenching of fluorescence and no signal can be detected by
SPCDE. Upon thrombin binding, the distance between the
fluorophore and the gold surface increased by approximately
2.0 nm due to the conformational change of aptamer, but in
this case, the increase in distance was not enough to cause the
fluorophore to leave the quenching region. In our work, by
subtly using a monomolecular layer of avidin, which acted as a
spacer to increase the distance between the fluorophore and
the metal, the fluorophore was located in the enhancement
zone. As a result, an enhanced directional fluorescence
emission in the presence of thrombin (1 mM) at the SPCDE
angle of 451 was observed (Fig. 2). The fluorescence intensity
showed a dependence on the thrombin concentration. The
SPCDE signal at 451 was about six-fold greater than the
spontaneous free space emission at 1351. Furthermore,
undesired scattering of light from the light source was sup-
pressed when using SPCDE compared to free space emission.
To demonstrate that the fluorescence enhancement is due to
surface plasmon-coupled directional emission, we examined
the angle-dependent emission intensities in the presence of
thrombin. The emission was found to be sharply distributed at
451 relative to the normal axis through the prism, which was in
good agreement with the theoretical calculation (Fig. 3). The
calculated reflectivity minimum is at 45.51 via the Fresnel
equation4 at an emission wavelength of 608 nm. The theore-
tical calculation was based on optical constants appropriate
for our experimental configurations and the maximum
emission of signaling aptamer. We assumed the protein layer
to be 10 nm thick, taking into account the dimensions of an
avidin monolayer of 4.0 nm, an aptamer length of 3.0 nm and
thrombin dimensions of 3.0 nm.12. In addition, we measured
the polarization of the emission of the aptamer in the presence
of thrombin at yF = 451 (Fig. 4). The emission was found to
be completely polarized in the horizontal direction, which is
p-polarized, irrespective of the polarization of the incident
light. These results demonstrated that the emission observed
through the prism is, exactly due to surface plasmon.
In summary, using the aptamer as both a recognition and
signaling element, we firstly proposed the combination of the
enhancement of SPCDE and the quenching by metal to report
thrombin. The polarization and angular distribution of the
observed emission demonstrate that the fluorescence enhance-
ment is due to surface plasmon.3 These unique optical
characteristics of SPCDE offer numerous important advan-
tages, such as high collection efficiency, background suppres-
sion and low-cost instruments, which are attractive for various
biological applications.3–5,12,13 The aptamer displayed a high
binding affinity and specificity for molecular recognition.6–8
Directional SPCDE based on a conformational-switching
signaling aptamer should have the potential to be a powerful
approach in the development of biosensors.
This work was supported by the National Natural Science
Foundation of China (20575055) and the National Basic
Research Program of China (973Program, 2007CB935600).
Notes and references
1 J. R. Lakowicz, C. D. Geddes, I. Gryczynski, J. Malicka,
Z. Gryczynski, K. Aslan, J. Lukomska, E. Matveeva,
J. A. Zhang, R. Badugu and J. Huang, J. Fluoresc., 2004, 14,
425–441.
Fig. 2 SPCDE fluorescence spectra at 451 of the signaling aptamer
before (line A) and after (line B) the addition of 1 mM thrombin, and
the free space spectrum of the aptamer at 1351 with thrombin (line C).
Fig. 3 The angular distribution of signaling aptamer after the
addition of thrombin.
Fig. 4 The polarized emission spectra with polarized excitation for
the signaling aptamer after the addition of thrombin. V and H
represent vertical and horizontal polarization in the order excitation–
emission: HH (line A); HV (line B); VH (line C); VV (line D).































































2 F. Yu, D. Yao and W. Knoll, Anal. Chem., 2003, 75, 2610–2617.
3 J. R. Lakowicz, Anal. Biochem., 2004, 324, 153–169.
4 I. Gryczynski, J. Malicka, Z. Gryczynski and J. R. Lakowicz,
Anal. Biochem., 2004, 324, 170–182.
5 I. Gryczynski, J. Malicka, J. Lukomska, Z. Gryczynski and
J. R. Lakowicz, Photochem. Photobiol., 2004, 80, 482–485.
6 A. E. Radi and C. K. O’Sullivan, Chem. Commun., 2006,
3432–3434.
7 Y. Xiao, A. A. Lubin, A. J. Heeger and K. W. Plaxco, Angew.
Chem., Int. Ed., 2005, 44, 5456–5459.
8 B. L. Li, H. Wei and S. J. Dong, Chem. Commun., 2007, 73–75.
9 N. Hamaguchi, A. Ellington and M. Stanton, Anal. Biochem.,
2001, 294, 126–131.
10 W. H. Weber and C. F. Eagen, Opt. Lett., 1979, 4, 236–238.
11 F. M. Huang, F. Festy and D. Richards, Appl. Phys. Lett., 2005,
87, 183101–183103.
12 E. Matveeva, Z. Gryczynski, I. Gryczynski, J. Malicka and
J. R. Lakowicz, Anal. Chem., 2004, 76, 6287–6292.
13 J. Malicka, I. Gryczynski, Z. Gryczynski and J. R. Lakowicz, Anal.
Chem., 2003, 75, 6629–6633.
3192 | Chem. Commun., 2009, 3190–3192 This journal is c The Royal Society of Chemistry 2009
D
ow
nl
oa
de
d 
by
 X
ia
m
en
 U
ni
ve
rs
ity
 o
n 
27
 F
eb
ru
ar
y 
20
11
Pu
bl
is
he
d 
on
 2
3 
A
pr
il 
20
09
 o
n 
ht
tp
://
pu
bs
.r
sc
.o
rg
 | 
do
i:1
0.
10
39
/B
82
33
52
G
View Online
